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ABSTRACT
Dust plays a pivotal role in the chemical enrichment of the interstellar medium. In
the era of mid/high resolution spectra and multi-band spectral energy distributions,
testing extinctions against gas and dust-phase properties is becoming possible. In or-
der to test relations between metals, dust and depletions, and comparing those to
the Local Group (LG) relations, we build a sample of 93 γ-ray bursts and quasar
absorbers (the largest sample so far) which have extinction and elemental column
density measurements available. We find that extinctions and total column density of
the volatile elements (Zn, S) are correlated (with a best-fit of dust-to-metals (DTM)
4.05 × 10−22mag cm2) and consistent with the LG DTM relation. The refractory el-
ements (Fe, Si) follow a similar, but less significant, relation offset about 1 dex from
the LG relation. On the assumption that depletion onto dust grains is the cause, we
compute the total (gas+dust-phase) column density and find a remarkable agreement
with the LG DTM relation: a best-fit of 4.91 × 10−22mag cm2. We then use our re-
sults to compute the amount of ‘intervening metal from unknown sources’ in random
sightlines out to redshifts of z = 5. Those metals implicate the presence of dust and
give rise to an average ‘cosmic dust dimming’ effect which we express as a function of
redshift, CDD(z). The CDD is unimportant out to redshifts of about 3, but because
it is cumulative it becomes significant at redshifts z = 3− 5. Our results in this paper
are based on a minimum of assumptions and effectively relying on observations.
Key words: Galaxies: high-redshift - ISM: abundances - ISM: dust, extinction -
Gamma rays: bursts - Quasars: general
1 INTRODUCTION
Interstellar dust plays a crucial role in the chemical en-
richment of the interstellar medium (ISM) and is strongly
linked with star formation (e.g. Cortese et al. 2012). Extinc-
tion, AV , is the scattering and absorption of photons along
the travel path from a source to the observer. Depletions of
heavy elements in the ISM are another way to study dust
properties due to its association with dust (Jenkins 1987).
Depletion is a strong indicator that gas phase refractory el-
ement ejected from stars is efficiently condensed onto ISM
dust grains. The dust grains are primarily made up of O,
Si, C, Mg, and Fe metals (Draine 2003; De Cia et al. 2016)
which are introduced into the ISM through the stellar winds
during the stellar evolution or at the end of the life of a star.
However, there is still a debate over the origin of the bulk
of dust, where various candidates have been proposed such
as: i) dense envelopes of evolved, low-mass asymptotic giant
branch (AGB) stars (Gail et al. 2009), ii) condensation in
⋆ e-mail:tayyaba.zafar@mq.edu.au
supernova ejecta (Dunne et al. 2003), and iii) grain growth
in the dense molecular clouds (Draine 2009).
The dust-to-metal ratios over cosmic time provide infor-
mation on the interplay between dust and gas in the ISM of
galaxies. Theoretical studies show dust-to-metals ratios to
remain constant over time and metallicity, provided both
dust and metals are produced in and ejected from stars
(e.g., Franco & Cox 1986). In a sample of gamma-ray burst
(GRB) afterglows, foreground quasar absorbers, and lensed
galaxies (Chen et al. 2013), Zafar & Watson (2013) found
that the dust-to-metals ratios remain constant over a wide
range of redshifts, metallicities, hydrogen column densities,
and galaxy types. The dust-to-metals ratios in their sample
are consistent with the Local Group (LG) relation. A dust
model for cosmological simulations shows that for a constant
dust-to-metals ratios most of the dust is produced in super-
novae (Mattsson et al. 2014; McKinnon et al. 2016). There
is a discrepancy between using direct line-of-sight extinc-
tions and depletion derived dust measures. The depletion
derived dust content suggests dust-to-metals are correlated
with metallicity (De Cia et al. 2016; Wiseman et al. 2017;
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De Vis et al. 2017). Using depletion derived dust meth-
ods, individual objects (Watson et al. 2006; Savaglio et al.
2012; Friis et al. 2015) and samples (Wiseman et al. 2017)
find mis-match with the observed AV . For such a sce-
nario models (Mattsson et al. 2014; Schneider et al. 2016;
Zhukovska et al. 2016; Popping et al. 2017) suggest grain
growth in the ISM is dominant dust production pathway.
Extinction is caused by the dust particles in the ISM,
therefore, AV should scale with the column density of atoms
in the dust-phase. The Milky Way (MW) refractory ele-
ments dust-phase column density and AV follow each other
(Vladilo et al. 2006). A small sample of damped Lyα ab-
sorbers (DLAs) along the line of sights of quasars (QSOs)
are reported to follow the MW relation (Vladilo et al. 2006).
A similar correlation is also seen for a small sample of GRBs
where exclusion of the cases with a 2175 A˚ bump feature
strengthen the correlation (De Cia et al. 2013; see however
Wiseman et al. 2017 but with a large scatter).
Dust-to-metal ratios for DLAs have also been derived
from depletions using depletion corrections from the Galac-
tic or disk+halo environments (Savaglio 2001; De Cia et al.
2013). In this paper, we test the connections between extinc-
tion and depletions in a significantly larger sample combined
of both GRBs and QSO-DLAs, but here adopting methods
with a minimum of assumptions and using mostly direct ob-
servables. The aim of our investigation is both to test the
above-mentioned relations and test for connections between
the two quantities and other observables which lead us to in-
fer effect of dust at cosmological distances. For this, we need
high redshift measurements of extinctions, elemental abun-
dances of refractory and volatile elements, and hydrogen col-
umn densities of the systems if possible. In §2 we present our
sample and sample selection criteria. In §3 we describe our
methods used for the investigation together with the results
of the analysis. The discussion is provided in §4 and conclu-
sions are given in §5. Throughout the paper, errors are 1σ
unless stated otherwise.
2 SAMPLE SELECTION
We searched the literature carefully and selected all pub-
lished GRB-DLAs and QSO-DLAs sightlines conforming to
our requirements which are as follows. The object must have
spectral energy distributions (SEDs) and optical spectro-
scopic data available with measurements of AV , column den-
sities of Zn ii and Fe ii, or of S ii and Si ii. The GRBs are
selected only if they had their optical extinction derived from
simultaneous SED fitting to X-ray−to−optical/NIR data
using either a single or broken power-law (see Zafar et al.
2011; Greiner et al. 2011; Schady et al. 2012; Covino et al.
2013; Bolmer et al. 2018 for discussion on AV determina-
tion). This is a reliable method to determine extinctions at
higher redshifts where the intrinsic slopes are constrained
by the X-ray data. Note that there is some degeneracy be-
tween broken power-law break frequency and extinction,
which could lead to inference of grey dust for some instances
(Watson et al. 2006; Perley et al. 2008; Friis et al. 2015).
However, overall a fixed spectral break change (∆β = 0.5)
between the optical and X-ray slopes is preferred for GRBs
(Greiner et al. 2011; Zafar et al. 2011; Japelj et al. 2015).
For QSO-DLAs, reddening must be determined either from
Figure 1. Extinctions against the iron or silicon depletions. The
red color corresponds to QSO-DLA cases, while blue indicates
GRB-DLA cases. For both, squares represent depletions deter-
mined from the [Fe/Zn] depletions and triangles show the [Si/S]
depletions. Filled symbols are measurements while open symbols
are limits. The black encircled data points highlight cases with a
2175 A˚ bump and starred are the cases with N(H2) measurements.
QSO colors or extinctions through template fitting to the
QSO SED. Those methods are less robust than the X-ray
supported GRB fits, but are widely adapted. We refer the
reader to Zafar et al. (2015); Krogager et al. (2015, 2016)
for more discussions on AV determination for QSO. The
requirement for the pairs of elements (Zn ii and Fe ii, or
of S ii and Si ii) are in order to be able to derive deple-
tions. Here Zn and S are volatile elements and Fe and Si are
refractory elements (e.g., Ledoux et al. 2002; Draine 2003;
Vladilo et al. 2011; De Cia et al. 2016). Defined this way our
initial sample consists of 28 GRBs and 32 QSO-DLAs with
the required measurements available. To this we add sources
where only part of the required measurements are complete
but where limits have been determined for the rest. The
vast majority of the elemental abundances have been de-
termined via detailed spectral line fitting, for eight GRBs
elemental abundances (or limits) were derived from rest-
frame equivalent widths of non-saturated lines provided by
Fynbo et al. (2009) as described in Laskar et al. (2011) and
Zafar & Watson (2013) (see references to Table 2).
In total this makes up a sample of 46 GRBs (see Ta-
ble 2) and 47 QSO-DLAs (see Table 3), i.e. a total of 93
independent sightlines. The sample is a complete literature
sample and as such inherits whichever biases went into the
initial target selection for observation and publication, but
no additional biases were introduced by us other than the se-
lection definitions we provide above. The sample covers red-
shifts from the nearby Universe (z ≈ 0.4) out to the epoch
of reionisation (z ≈6.3) and is significantly larger than any
other sample used for previous similar studies. Following
the discussion of Watson (2011), we use solar abundances
from Anders & Grevesse (1989) for metallicity and deple-
tion determinations. Anders & Grevesse (1989) abundances
are better estimates of the typical Galactic ISM (see also
Asplund et al. 2009).
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3 METHODS AND RESULTS
The objective of this study is to test which relations are seen
in the complete literature sample we have compiled, partly
to clarify some concepts related to dust, metals, and deple-
tion, but in particular to help future studies related to, or
depending on, dust-to-metal ratios. We here use the term
‘dust-to-metal’ (or in short DTM) in the same way as it was
introduced in Watson (2011). It is thought that depletion
of metals, i.e. the metals ‘missing’ in sightlines based on a
comparison to some expectation, is related to dust produc-
tion, and therefore at some level should correlate with dust
absorption. On the other hand, it is not the depletion alone
which defines the amount of dust, obviously the amount of
dust will grow with both the fraction of ‘missing’ metals,
but also with the column density of the absorber. A first
test should therefore be to ask which of the two is a most
important quantity.
We therefore first compare the extinctions directly to
depletions δ(Fe) and δ(Si) (Fig. 1). The depletions are cal-
culated by comparing elements having a similar nucleosyn-
thetic history. The iron peak element Fe is compared with
iron peak element Zn and likewise α-element compared with
the other one from the chain (Si, S) such that δFe = log
(N(Fe ii)/N(Zn ii)) − log (Fe/Zn)⊙ and similar for silicon.
In Fig. 1 we plot δ(Fe) for each target if available (squares),
and plot only δ(Si) (triangles) if δ(Fe) is not known. As can
be seen from the figure there is no obvious strong correlation
in this sample between reddening and depletion. This visual
impression is confirmed by a statistical analysis which gives
a correlation coefficient of r = −0.16 (r = −0.05 ignoring
the data providing only limits) with a significance of only
≈ 87%. The weak correlation is not very surprising because
of the wide range of H i column densities of the sample.
[Fe/Zn] is found to be a reliable tracer of dust in the
ISM (De Cia et al. 2016; De Cia 2018). However, for high-
redshift sources this measurement is missing because of the
available spectral coverage. We, therefore, chose [Si/S] as
tracer of dust in high-redshift sources. We also attempted to
correct [Si/S] using De Cia et al. (2016) correlations but as
we later cannot make better use of it (see §3.2), therefore, we
kept using [Si/S] for the cases where [Fe/Zn] is not available.
3.0.1 Zn and S depletion
We considered Zn and S as volatile elements to de-
rive equivalent metal column densities. For QSO-DLAs,
Zn (De Cia et al. 2016) and for Galactic sightlines, S
(Jenkins 2009; Jenkins & Wallerstein 2017) are reported
to be depleted. However, for a sample of 293 QSO-DLAs,
Vladilo et al. (2011) discussed about using S and Zn as
volatile elements. We refer to the reader to their section 2.5
for more discussion on selection of these elements. Briefly
outlining, S and Zn are depleted in highly depleted Galac-
tic sightlines (Jenkins 2009; Jenkins & Wallerstein 2017).
Scappini et al. (2003) have discussed chemical pathways
leading to S depletion in molecular clouds. DLAs are typi-
cally less dusty (compared to Galactic sightlines) and have
less molecular detection, so Zn and S will be mostly unde-
pleted. Noterdaeme et al. (2008b) and Savage & Sembach
(1996) find that molecular fraction is correlated with de-
pletions for DLAs and Galactic ISM, respectively. Con-
sidering this, we expect Zn or S depletion for the cases
where we have high molecular fraction. However, searching
in the literature we find only seven (out of 93) cases have
molecules detection. Moreover, S is a troublesome element
(Jenkins & Wallerstein 2017) for Galactic sightlines and for
DLAs because of blending with the Lyα forest. Super-solar
Galactic S abundances (Jenkins 2009) are found for low col-
umn density (N(H i)< 1019.5 cm−2) sightlines. In case of
DLAs, gas is predominantly neutral above N(H i)> 1019.5
cm−2 (e.g., Meiring et al. 2009, see also Wolfe et al. 2005).
In our sample, we mostly have systems with N(H i)> 1019.5
cm−2 except one, therefore, we should not see such a be-
haviour.
3.1 Correlation with metal column densities
Total column densities of a given element are direct observ-
ables, and we now wish to test if those correlate with AV
in our sample. In order to make the data simple to compare
to the Local Group NH − AV , and also to be able to inter-
compare different elements, we follow the strategy used by
Zafar & Watson (2013) and first apply a simple modification
to the data. We refer the reader to Zafar & Watson (2013)
for more details on the method. For a given object, and a
given volatile element ‘X’, we first determine the metallicity
from that element [X/H] and then we multiply logarithmic
metallicity with N(H i) such that it becomes N(H i)×10[X/H].
This has the advantage of shifting each element to the NHX
(equivalent soft X-ray H i column density) used by Watson
(2011) to determine the AV of the Milky Way (MW).
Zafar & Watson (2013) found that the total metal col-
umn and extinction in their sample (26 measurements
and 21 limits) follows the LG relation (NH,X = 2.2 ×
1021cm−2AV with NH,X/N(H i)= 1.1) derived by Watson
(2011) from the photoelectric absorption of the soft X-ray of
GRBs using the Galactic dust (Schlegel et al. 1998) and H i
column density (Kalberla et al. 2005). The Zafar & Watson
(2013) sample followed an average value of metals-to-dust
ratio of 1021.2cm−2AVmag
−1 and a standard deviation of
0.3 dex. In Fig. 2, upper panel, we plot the relation for our
enlarged sample together with the LG soft X-ray relation
(green dashed line, Watson 2011). Throughout the paper,
we used Pearson correlation to define a relation together
with its coefficient and significance. We used linear regres-
sion to derive a best-fit slope and intercept. This is per-
formed in IDL using its routine FIT AND CORRELATE. In case
of fitting data with limits, we used IDL routine FITEXY in-
corporating upper and lower limits (see Kelly 2007). In Fig.
2, a linear regression relation fit to the data gives a best-
fit of (4.05± 1.03) × 10−22, similar to the LG relation. The
significance of the correlation is reported in Table 1. Table
1 shows that correlation strengths with measurements only
data are quite strong but drop when including limits be-
cause of adding more scatter. We also look into S depletion
issue and re-fit the data by dropping S-based measurements.
The correlation coefficient drops a little to ρ = +0.47 but
the best-fit value is consistent within 1σ. This suggests that
depletion effect is small for S in our sample.
For the two refractory elements the observed equivalent
metal column densities are plotted in the lower panel of Fig.
2. Here Si (triangles) is only plotted if Fe is not available. A
linear regression fit although provides a similar slope with
c© 2018 RAS, MNRAS 000, 1–11
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Figure 2. Extinctions against total equivalent column densities.
The green dashed line represents the dust-to-metals ratio for the
LG environments with the green dotted lines marking the its 1σ
range (Watson 2011). In upper panel the black solid line shows
the linear regression relation given in Table 1. The symbols and
colors have the same meaning as in Fig. 1.
that of the volatile elements (Table 1) but has a very low sig-
nificance. It is notable that for any given AV the values are
shifted about 1 dex towards lower metallicity than the LG,
thus confirming the depletion of those two elements. The
fact that the slope of the relation is not changed is consis-
tent with the conclusion (Fig. 1 above) that the depletions
do not correlate with AV . The shift of about 1 dex is also
consistent with the average δ(Fe, Si) of ≈ −1.
3.2 Correlation with metal depletion
In Fig. 2 we could also directly see the effect of the deple-
tion of refractory elements via grain formation. Where the
volatile elements basically followed the curve for the LG,
the refractory elements fell on average about one dex to the
left of that, indicating that the residual amount of those
elements was on average in our sample only about 10% .
Perhaps the best way to test the direct relation between
AV and metal column density is to consider the elements
which are depleted onto dust, such as Fe, but to add together
the residual fraction left in the gas phase and that which
has been depleted onto grains. Vladilo et al. (2006) showed
that it is possible to compute e.g. the Fe dust-phase column
density (N(Fe)dust) for individual systems using
N(Fe)dust = (1− 10
δFe )N(Zn)
(
Fe
Zn
)
⊙
(1)
which is based on the assumption that intrinsically all ab-
sorbers have a Zn to Fe ratio identical to the solar. A similar
equation can be written for S and Si
N(Si)dust = (1− 10
δSi )N(S)
(
Si
S
)
⊙
(2)
based on a similar assumption about the intrinsic S to Si
Figure 3. Extinctions as a function of dust-phase column densi-
ties. The green dashed line corresponds to the MW relation given
in (Vladilo et al. 2006). The black solid line represents the lin-
ear regression relation with the best-fit value of AV /N(Fe)dust =
(1.13 ± 0.84) × 10−17. The symbols and colors have the same
meaning as in Fig. 1.
ratio. In Fig. 3 we plot AV vs N(Fe)dust. Again, as above,
in cases where N(Fe)dust is not available, but where we have
N(Si)dust, we plot the latter. In this plot we use the actual
dust grain column density of the element, i.e. we are not
converting as we did in Fig. 2. This means that we expect
a small horizontal offset between the Fe and Si relation in
Fig. 3, an offset which is much smaller than the scatter and
for the purpose of a visual comparison we can ignore it. In
the figure we again compare to the DTM relation of the MW
(dashed green line), but here to the relation determined by
Vladilo et al. (2006) using the same method as defined in
equation 1. The agreement with our local environment in
the MW is seen to be very good, the fit parameters are
again provided in Table 1.
With this we are now able to compute the total col-
umn density also for the refractory elements. As noted, the
offset in lower panel of Fig. 2 is due to dust depletion and
if we correct for dust column, we would expect to see the
similar behaviour of the lower panel as upper panel. We add
N(Fe)dust and N(Si)dust to the observed gas phase column
densities in order to obtain the total column densities of re-
fractory elements (since N(X)tot = N(X)dust+N(X)obs). We
can then derive the equivalent metal column densities of re-
fractory elements (Fig. 4) in the same way as we did the gas
phase columns in Fig. 2 i.e. first converting to equivalent H i
column density.
The best-fit values of our and LG sample are in agree-
ment. In fact the agreement is so complementary that we had
to increase the linewidth of the LG curve and show our fit
as a dashed line, because the fits were covering each other.
We also plotted the error on the fit as gay shaded region
(see Fig. 4), however, not that the scatter is not that small.
Note that the correlation coefficient strength is not increased
significantly when using the total equivalent column densi-
ties for refractory elements because of the internal scatter
and inclusion of limits in the fit but the significance indi-
cates the reliability of the fit. The agreement of LG relation
and depletion-correction derived dust-to-metals best-fit val-
c© 2018 RAS, MNRAS 000, 1–11
Dust depletions and extinctions 5
Figure 4. Total column density for the refractory (Fe or Si) el-
ements. The green solid line is the LG relation given in Watson
(2011). The black dashed line is the linear regression relation
where grey shaded region represents error on it. The symbols and
colors have the same meaning as in Fig. 1.
ues suggests that the time lag between dust formation after
metal formation is small and they both grow together across
different environments at all redshifts (see Zafar & Watson
2013 §3 for more discussions).
4 DISCUSSION
We have assembled the by far largest sample of sightlines
(93) for which both AV measurements and accurate low ion-
isation metal column densities are known. In this sample we
have only included sightlines which contain measurements
of at least one of the pairs (Zn, Fe), (S, Si) thereby allowing
us always to correct at least one of the elements (Fe, Si) for
assumed depletion. Starting from the lowest level of assump-
tions, i.e. simply testing if individual observed metal column
densities scale with AV , and moving to assuming that devi-
ations from relative solar abundances can be interpreted as
depletion, i.e. as metals removed from the gas-phase by dust
grain growth, we have tested for correlations in the sample.
All the expected correlations are present in our sam-
ple. While this does not yet constitute a final confirma-
tion, we conclude that our sample does indeed contain re-
lations which are in full agreement with the conjectures
that (i) the amount of dust scales directly with the amount
of metals available and (ii) the dust column density also
scales with the amount of dust. Note that there are also
nucleosynthetic effects present which could be as large as
0.3 dex for DLAs (Rafelski et al. 2012; De Cia et al. 2016;
Jenkins & Wallerstein 2017; De Cia 2018). As such this sam-
ple should prove a valuable tool to test and refine the current
paradigms for dust creation and destruction. In particular its
wide redshift coverage (z = 0.4 − 6.3) provides support for
studies aiming at identifying dust production mechanisms
throughout the history of the universe.
Table 1. Pearson linear correlation coefficient, ρ and significance,
α, together with the best-fit slope as y/x.
x y y/x ρ α
Measurements only
δ(Fe,Si) AV · · · −0.05 >28%
N(H i) ×10[Zn,S/H] AV (3.98± 1.11)× 10
−22 +0.59 >99%
N(H i) ×10[Fe,Si/H] AV · · · +0.06 >36%
N(Fe, Si)dust AV (1.12± 0.78)× 10
−17 +0.62 >99%
N(H i)×10[Fetot ,Sitot/H] AV (6.92± 1.05)× 10
−22 +0.60 >99%
Measurements and limits included
δ(Fe,Si) AV · · · −0.16 ≈87%
N(H i) ×10[Zn,S/H] AV (4.05± 1.03)× 10
−22 +0.49 >99%
N(H i) ×10[Fe,Si/H] AV · · · +0.21 ≈95%
N(Fe, Si)dust AV (1.13± 0.84)× 10
−17 +0.47 >99%
N(H i)×10[Fetot ,Sitot/H] AV (4.91± 0.98)× 10
−22 +0.51 >99%
4.1 Intervening non-related reddening
Along all lines of sight out to high redshift targets, a ran-
dom number of intervening unidentified absorbers will be
present. The combined effect of those absorbers (in case they
contain dust) will be an additional reddening signature, but
because the wavelength scales of dust absorption signatures
are very large, individual random absorbers cannot be iden-
tified. Here we show that we can use our conclusions from
the current work to compute the average statistical signa-
ture.
We have shown here that there is a strong dependence
of AV on low ionisation metal column densities. Low ion
metals can only exist if they are shielded from ionising ra-
diation by H i. The amount of H i along a random sightline
as a function of redshift has been extensively studied (e.g.,
Zwaan et al. 2005; Lah et al. 2007; Noterdaeme et al. 2012;
Zafar et al. 2013). Here we shall use the recent results from
Zafar et al. (2013) which provides the average number of
DLAs per sightline in bins of ∆z ∼ 0.5 out to z = 5. From
their Table 6 we compute the average H i column density
of DLAs in their sample at each redshift they studied, and
find that it is effectively constant with redshift, log N(H i)
= 20.85. DLAs are known to make up ≈ 85% of all H i
(Zafar et al. 2013). We correct for the remaining 15% (sub-
tracting log(0.85) from the average) obtaining 20.92 which
we then multiply on to each redshift bin to obtain the aver-
age N(H i) in each bin (shown as black points in Fig. 5).
The average metallicity evolution of the H i gas has
been vividly debated in the past, but the consensus is now
that there is (as one would also logically expect) a general
increase in metallicity as a function of cosmic time. Here we
use the ‘best fit line’ from figure 12 in Rafelski et al. (2012).
It has a slope of −0.193 dex per unit redshift, and for illus-
tration purposes we plot it in red in Fig. 5 at a convenient
offset. Using the average metallicity of each redshift bin we
now compute how much Fe (total, including both gas-phase
and dust-phase) there is in each bin. This is plotted as the
blue points. It is seen that the higher line-of-sight H i column
density per unit redshift in the past is perfectly balanced by
the redshift evolution of metallicity, leaving the amount of
metals per unit redshift remarkably constant (note that the
first two and the last bin are slightly larger than 0.5). At
c© 2018 RAS, MNRAS 000, 1–11
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high redshifts, the change in relative contributions of dust
producers (Bolmer et al. 2018; Zafar et al. 2018a) could also
change the effect of total Fe on extinction.
It is now simple to compute the average total column
density of Fe along a sightline back to a given redshift, and
then use the fit in Fig. 4 to convert this to an average ‘cosmic
dust dimming’ CDD(z). In Fig. 6, we provide this quantity,
CDD(z), back to a redshift of z = 5.
4.2 Impact on high redshift surveys
Fig. 6 shows the accumulated effect of dust in random sight-
lines out to cosmological distances. It is seen that up to
redshifts of about 3 the CDD(z) is smaller than the typical
uncertainties on individual AV measurements, and the effect
can be ignored without too much impact. At redshifts in ex-
cess of 4, in the current paradigm, the CDD(z) continues to
rise despite the dropping metallicity, causing the cumulated
effect to become significant. It should be recalled that the
curve shows the average, but the effect is highly stochas-
tic. Therefore corrections and predictions should probably
only be considered for statistical samples while the effect on
individual objects will be stochastic.
4.3 Inclusion of 2175 A˚ bump
The shape of the extinction curve tells us about the dust
grains in the ISM (Draine 2003). Carbonaceous dust grains
are responsible for the 2175 A˚ bump and silicates induce
the steepness in the extinction curve (Weingartner & Draine
2001; Draine 2003). We here aim to see if different extinc-
tion curves carrying different dust grain properties could ef-
fect our results. Our sample mostly has preference towards
featureless Small Magellanic Cloud (SMC)-type extinction
curve. However, 21 cases (3 GRBs and 18 QSO-DLAs) are
reported to contain a 2175 A˚ bump, suggesting carbonaceous
dust enriched environments. These cases are highlighted by
stars drawn around the data points in Fig. 1–4.
De Cia et al. (2013) presented a sample of 18 GRBs (11
measurements and 7 limits) which included a single burst
with a 2175 A˚ extinction feature (GRB070802). That single
burst did not fall on the AV and N(Fe)dust relation of their
limited sample, and De Cia et al. (2013) suggested that ob-
jects with the 2175 A˚ bump might follow a different relation
and therefore should not be included. Our larger sample in-
cludes 19 sightlines with bumps, and is reaching extinctions
1.8mag higher than the De Cia et al. (2013) sample, but we
see no evidence that the 2175 A˚ bump cases follow a differ-
ent relation. We also find that inclusion of the 2175 A˚ bump
cases strengthens the relation especially at higher extinc-
tions. Depending on the amount of metals available to form
dust, different grain compositions and sizes could provide a
range of optical extinction laws.
4.4 Dust-to-gas ratios and molecules
We would expect a general trend that on average an ab-
sorber with a large N(H i) should have a large AV . The
general trend will be modified both by the intrinsic scatter
visible in figures 2-4, but also by the significant width of the
Figure 5. Total N(H i) per redshift bin against redshift is shown
as black symbols. Total N(H i) for each redshift bin is computed
using absorber number density, d(n)/dz, from Zafar et al. (2013).
The average metallicity evolution (offset for illustration) from
Rafelski et al. (2012) is shown as red curve. Blue points indicate
total Fe (including both gas and dust-phase) calculated using to-
tal N(H i) and metallicity.
metallicity distribution. In addition to this there are sys-
tematic selection differences between GRBs and QSOs, e.g.
that GRBs are found closer to the centres of galaxies and at
higher redshifts than QSO sightlines, causing their N(H i)
to be systematically large and metallicities to be systemati-
cally low. Such effects will distort the N(H i) versus AV and
the N(H i) versus N(Fe, Si)dust relations.
Molecular gas is expected to have an even stronger cor-
relation with dust than the neutral gas. Dust plays a major
role for the presence of molecular gas by catalysing the for-
mation of molecules on the surface of dust grains as well
as shielding against Lyman-Werner photons. However, our
sample contains only seven sightlines with available N(H2)
measurements, and no obvious relation is seen in the present
sample. A larger sample of sightlines with molecule detec-
tions is required for this and should be a primary goal for
future samples.
5 CONCLUSIONS
In this work, we investigate relations between extinctions,
gas and dust-phase properties of the ISM. We use a sample of
46 GRB-DLAs and 47 QSO-DLAs where elemental column
densities (of the refractory and volatile elements) together
with extinctions are available. The sample is the largest sam-
ple for such a study and covers a range of z = 0.4 − 6.3,
AV = 0.0 − 2.33 mag, log N(H i)= 19.25 − 22.70 and log
N(Zn ii)= 12.25− 14.30. In order to compute depletions we
assume, only where required, that relative element abun-
dances are solar.
We see no direct relation between AV and depletion. We
find the extinctions are highly correlated (with a significance
> 99%) with ‘total equivalent H i column density’ for the
volatile elements (Zn, S) and follow the curve for the LG
relation. The fit to the data with a linear regression relation,
results in a best-fit of DTM (4.05 ± 1.03) × 10−22. Note
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Figure 6. The average ‘cosmic dust dimming’, CDD(z), is com-
puted as the integrated AV from redshift 0 to z. The AV is com-
puted from the average amount of dust along the line of sight
based on the distribution of Fe (blue points) shown in Fig. 5.
that De Cia et al. (2016) reported that Zn and S are least
depleted but also suffer from depletion.
The same test performed directly on the observed col-
umn densities of refractory (Fe, Si) elements finds a shift
of about 1 dex from the LG relation, reflecting the aver-
age depletion. Applying the assumption of relative solar
abundances, and using the method defined by Vladilo et al.
(2006) to calculate the Fe dust-phase column density,
N(Fe)dust, we then compute the amount of refractory ele-
ments depleted onto dust grains. We find that the refractory
element dust-phase column density follows the MW curve.
We add the N(Fe)dust and N(Si)dust to their observed gas-
phase column densities to obtain the ‘total equivalent H i
column densities’ for the refractory elements. This brings the
refractory elements total equivalent metal column densities
and extinctions in agreement with the LG DTM relation
with a best-fit of (4.91 ± 0.98) × 10−22. Our methods here
providing a way to determine the DTM use direct observ-
ables and only the assumption of relative solar abundances.
Last, we show that our results can be used to compute
the average statistical extinction signature of intervening ab-
sorbers. The amount of H i per unit redshift is known to de-
crease with cosmic time while the metallicity of this gas is
known to increase with cosmic time. Remarkably, together
those two effects cause total Fe per unit redshift (both dust
and gas-phase) to be almost constant throughout at red-
shifts 0 to 5. Integrating the total metal column density (Fe
in our case) out to any redshift, we compute the average
‘cosmic dust dimming’, CDD(z), finding a steady increase
in dimming (extinction) by intervening absorbers over in-
creasing distance. The CDD(z) becomes an issue that one
should consider only at redshifts higher than about 3, but
we caution that the effect is stochastic, and that correction
for individual objects will be highly uncertain.
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Table 2. GRBs data used to estimate dust-to-metals ratios and N(Fe, Si)dust. The columns are (1) GRB name, (2) extinction (AV ), (3)
zabs, (4) log N(H i), (5) log N(Zn ii), (6) log N(Fe ii), (7) log N(S ii), (8) log N(Si ii), and (9) References to original data.
GRB AV zabs log N(H i) log N(Zn ii) log N(Fe ii) log N(S ii) log N(Si ii) Refs.
mag cm−2 cm−2 cm−2 cm−2 cm−2
000926 0.38± 0.05 2.038 21.30± 0.20 13.82 ± 0.05 15.60± 0.20 · · · 16.47± 0.13 1, 2
010222 0.24+0.08
−0.09 1.475 · · · 13.78 ± 0.07 15.32± 0.15 · · · 16.09± 0.05 2, 3
050401 0.65± 0.04 2.899 22.60± 0.30 14.30 ± 0.30 16.00± 0.20 · · · 16.50± 0.40 4, 5
050730 0.12± 0.02 3.969 22.15± 0.05 · · · · · · 15.34 ± 0.10 15.47± 0.03 6, 5
050820A 0.27± 0.04 2.615 21.05± 0.10 13.28 ± 0.04 14.82± 0.12 15.57 ± 0.04 > 15.43 7, 8
050922C 0.07± 0.02 2.198 21.55± 0.10 · · · 14.58± 0.26 14.87 ± 0.05 14.97± 0.07 9,10
051111 0.39+0.11
−0.10 1.549 · · · 13.47 ± 0.04 15.32± 0.01 · · · > 16.14 10, 11
060418 0.13+0.01
−0.02 1.490 · · · 13.09 ± 0.01 15.22± 0.03 · · · 15.92± 0.03 12, 10, 11
060714 0.21± 0.02 2.711 21.80± 0.10 13.44 ± 0.12 15.01± 0.05 15.79 ± 0.07 15.99± 0.07 5, 13
061121 0.55+0.05
−0.08 1.315 · · · 13.76 ± 0.06 16.20± 0.03 · · · · · · 7, 13, 14
070802 1.19± 0.15 2.455 21.50± 0.20 13.60 ± 0.60 16.10± 0.10 · · · 16.60± 0.30 15, 5
080210 0.33± 0.03 2.641 21.90± 0.10 13.53 ± 0.14 15.98± 0.37 · · · 16.20± 0.13 16, 5
080319C 0.67± 0.07 1.949 · · · 13.64 ± 0.60 14.94± 0.14 · · · · · · 13, 14, 17
080413B 0.84± 0.16 1.101 · · · 13.57 ± 0.15 14.51± 0.16 · · · · · · 7, 13, 14
080605 0.5+0.13
−0.10 1.640 · · · 13.53 ± 0.08 14.66± 0.11 · · · 15.88± 0.10 18, 13, 14
080905B 0.42± 0.03 2.374 < 22.15 13.52 ± 0.13 15.50± 0.10 · · · · · · 5, 13, 14
081008 0.20± 0.05 1.968 21.11± 0.10 13.15 ± 0.04 15.42± 0.04 · · · 15.75± 0.04 19
090323 0.1± 0.04 3.577 19.62± 0.33 < 12.7 14.91± 0.05 15.41 ± 0.04 15.46± 0.13 20, 21
090809 0.11± 0.04 2.737 21.40± 0.08 13.70 ± 0.25 15.75± 0.07 · · · 16.15± 0.07 22
100219A 0.14± 0.03 4.667 21.14± 0.15 · · · 14.73± 0.11 15.25 ± 0.15 15.15± 0.25 23, 24
111008A 0.12± 0.04 5.000 22.30± 0.06 13.28 ± 0.21 16.05± 0.05 15.71 ± 0.09 > 16.04 23, 25
120119A 1.06± 0.02 1.729 22.44± 0.12 14.04 ± 0.25 15.95± 0.25 · · · 16.67± 0.35 26
120716A 0.30± 0.15 2.487 21.88± 0.08 13.91 ± 0.32 15.65± 0.45 · · · 16.48± 0.45 26
120815A 0.19± 0.04 2.360 21.95± 0.10 13.47 ± 0.06 15.29± 0.05 16.22 ± 0.25 16.34± 0.16 23, 27
120909A 0.16± 0.04 3.929 21.61± 0.06 13.55 ± 0.32 15.20± 0.18 · · · 16.22± 0.32 26
121024A 0.26± 0.06 2.300 21.88± 0.10 13.74 ± 0.03 15.82± 0.05 > 15.9 > 16.35 23, 28
130408A 0.22+0.04
−0.05 3.758 21.76± 0.03 12.87 ± 0.16 15.52± 0.11 15.78 ± 0.18 15.95± 0.22 27
141028A 0.13± 0.09 2.333 20.55± 0.07 12.38 ± 0.33 14.23± 0.21 · · · 14.82± 0.33 26, 29
990123 < 0.25 1.600 · · · 13.95 ± 0.05 14.78± 0.15 · · · · · · 2, 3
020813 < 0.18 1.255 · · · 13.54 ± 0.06 15.48± 0.04 · · · 16.29± 0.04 30
030226 0.05± 0.01 1.987 20.50± 0.30 < 12.70 14.86± 0.01 > 13.30 15.07± 0.04 31, 21
030323 < 0.16 3.371 21.90± 0.07 13.66 ± 0.05 15.93± 0.08 15.84 ± 0.19 15.98± 0.04 32
050505 0.30± 0.10 4.275 22.05± 0.10 · · · > 15.50 > 16.10 > 15.70 33, 34
050904 < 0.05 6.295 21.62± 0.02 · · · · · · 15.14 ± 0.17 14.29± 0.57 24, 35
060206 < 0.23 4.048 20.85± 0.10 · · · > 14.65 15.21 ± 0.05 15.23± 0.04 7, 36
060526 < 0.39 3.221 20.00± 0.15 < 12.91 14.28± 0.24 14.58 ± 0.25 15.87± 0.16 21, 37
060707 0.08± 0.02 3.425 21.00± 0.20 · · · · · · > 16.30 16.15± 0.18 5, 38
070110 < 0.10 2.3521 21.70± 0.10 13.53 ± 0.08 14.75± 0.05 · · · 15.84± 0.09 5, 13
070506 0.44± 0.05 2.308 22.00± 0.30 > 13.68 15.50± 0.20 · · · · · · 5, 13, 14
071031 < 0.07 2.692 22.15± 0.05 13.05 ± 0.03 15.20 ± 0.1 · · · · · · 5, 8
080330 < 0.19 1.511 · · · 12.79 ± 0.06 14.70± 0.09 · · · > 15.41 39, 40
080413A < 0.59 2.433 21.85± 0.15 12.88 ± 0.07 15.57± 0.04 · · · · · · 8, 21
080607 2.33+0.43
−0.46 3.037 22.70± 0.15 > 14.00 > 16.70 > 16.34 · · · 5, 41
080721 < 0.34 2.5914 21.60± 0.10 13.69 ± 0.05 15.27± 0.04 · · · · · · 13, 42
090926A < 0.03 2.107 21.60± 0.07 < 13.00 14.86± 0.09 14.89 ± 0.10 14.80± 0.08 43
110205A 0.19± 0.10 2.215 21.45± 0.23 < 13.46 14.81± 0.08 < 15.86 14.56± 0.07 44, 45
120327A < 0.06 2.815 22.01± 0.09 13.40 ± 0.04 15.78± 0.02 15.74 ± 0.02 16.36± 0.03 46
130606A < 0.07 5.913 19.91± 0.02 · · · 13.29± 0.07 < 14.44 13.95± 0.11 23, 47
1: (Chen et al. 2007), 2: (Starling et al. 2007), 3: (Savaglio et al. 2003), 4: (Watson et al. 2006), 5: (Zafar et al. 2011), 6: (Chen et al. 2005),
7: (Schady et al. 2012), 8: (Ledoux et al. 2009), 9: (Piranomonte et al. 2008), 10: (Schady et al. 2010), 11: (Prochaska et al. 2007), 12:
(Vreeswijk et al. 2007), 13: this worka, 14: (Zafar & Watson 2013), 15: (El´ıasdo´ttir et al. 2009), 16: (De Cia et al. 2011), 17: (Perley et al.
2009), 18: (Zafar et al. 2012), 19: (D’Elia et al. 2011), 20: (Savaglio et al. 2012), 21: (Schady et al. 2011), 22: (Sku´lado´ttir 2010), 23:
(Zafar et al. 2018b), 24: (Tho¨ne et al. 2013), 25: (Sparre et al. 2014), 26: (Wiseman et al. 2017), 27: (Kru¨hler et al. 2013), 28: (Friis et al.
2015), 29:(Zafar et al. 2018a), 30: (Savaglio & Fall 2004), 31: (Shin et al. 2006), 32: (Vreeswijk et al. 2004), 33: (Berger et al. 2006), 34:
(Hurkett et al. 2006), 35: (Zafar et al. 2010), 36: (Tho¨ne et al. 2008), 37: (Tho¨ne et al. 2010), 38: (Laskar et al. 2011), 39: (D’Elia et al.
2009), 40: (Greiner et al. 2011), 41: (Prochaska et al. 2009), 42: (Covino et al. 2013), 43: (D’Elia et al. 2010), 44: (Cucchiara et al. 2011),
45: (Gendre et al. 2012), 46: (D’Elia et al. 2014), 47: (Hartoog et al. 2015)
a Based on the equivalent width measurements in Fynbo et al. (2009) following the procedure described in Laskar et al. (2011);
Zafar & Watson (2013).
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Table 3. QSO DLAs and sub-DLAs data used to estimate dust-to-metals ratios and N(Fe, Si)dust. The columns are provided similar to
as in Table 2.
QSO AV zabs log N(H i) log N(Zn ii) log N(Fe ii) log N(S ii) log N(Si ii) Refs.
mag cm−2 cm−2 cm−2 cm−2 cm−2
Q0000+0048 0.23± 0.01 2.526 20.80± 0.10 14.09 ± 0.45 15.14± 0.03 · · · 15.93± 0.17 1
Q 0016+0012 0.16+0.04
−0.06 1.973 20.83± 0.05 12.82 ± 0.04 14.81± 0.03 15.28 ± 0.02 15.43± 0.03 2, 3
Q 0111+0641 0.22± 0.01 2.027 21.50± 0.30 13.50 ± 0.10 15.80± 0.10 · · · < 16.70 4
Q 0121+0027 0.47± 0.30 1.395 · · · 13.45 ± 0.09 14.82± 0.05 · · · 15.59± 0.13 5
Q 0745+4554 0.95+0.09
−0.18 1.861 · · · 13.56 ± 0.03 15.09± 0.09 · · · 15.77± 0.04 6, 7
Q 0843+0221 ≈ 0.07 2.786 21.99± 0.08 13.03 ± 0.01 14.96± 0.01 15.57 ± 0.01 15.77± 0.01 8
Q 0918+1636 ≈ 0.21 2.583 20.96± 0.05 13.40 ± 0.01 15.43± 0.01 15.82 ± 0.01 16.01± 0.01 9
Q 0927+1543 0.60± 0.16 1.731 21.35± 0.15 13.38 ± 0.05 15.14± 0.24 · · · 15.99± 0.05 10, 11
Q 1006+1538 0.41+0.07
−0.17 2.206 20.00± 0.15 13.21 ± 0.21 14.36± 0.12 · · · 15.30± 0.19 6, 7
Q 1007+2853 1.08± 0.09 0.884 · · · 13.49 ± 0.17 15.86± 0.09 · · · 16.39± 0.20 12
Q 1047+3423 0.61+0.08
−0.18 1.669 20.05± 0.20 13.15 ± 0.09 14.69± 0.02 · · · 15.82± 0.13 6, 7
Q 1130+1850 0.49+0.04
−0.18 2.012 21.10± 0.30 13.70 ± 0.03 15.91± 0.01 · · · 16.60± 0.02 6, 7
Q 1141+4442 0.24+0.11
−0.16 1.902 20.85± 0.15 13.32 ± 0.12 15.22± 0.03 · · · · · · 6
Q 1157+6135 0.92± 0.07 2.459 21.80± 0.20 13.83 ± 0.33 15.63± 0.19 · · · 16.48± 0.48 13
Q 1157+6155 1.04+0.11
−0.16 2.460 21.80± 0.20 14.09 ± 0.11 15.63± 0.19 · · · · · · 6
Q 1159+0112 0.14+0.04
−0.06 1.944 21.60± 0.10 12.99 ± 0.05 15.46± 0.02 · · · 15.97± 0.01 14, 3
Q 1211+0833 0.80+0.05
−0.18 2.117 21.00± 0.20 13.51 ± 0.09 14.70± 0.07 · · · 15.65± 0.07 15
Q 1237+0647 0.15± 0.03 2.690 20.00± 0.15 13.02 ± 0.02 14.57± 0.01 15.39 ± 0.06 15.15± 0.02 16
Q 1321+2135 0.39+0.03
−0.18 2.125 21.55± 0.20 13.61 ± 0.03 15.84± 0.02 · · · 16.26± 0.02 6, 7
Q 1323−0021 0.44+0.08
−0.11 0.716 20.21± 0.20 13.43 ± 0.05 15.15± 0.03 · · · · · · 17, 3
Q 1422−0001 0.29± 0.01 0.909 20.40± 0.40 12.91 ± 0.07 15.26± 0.03 · · · 15.57± 0.07 18
Q 1439+1117 0.20+0.50
−0.15 2.419 20.10± 0.10 12.93 ± 0.04 14.28± 0.05 15.27 ± 0.06 14.80± 0.04 19, 20
Q 1459+0024 0.81± 0.03 1.389 · · · 13.22 ± 0.08 14.46± 0.05 · · · < 15.46 5
Q 1524+1030 0.50+0.07
−0.18 1.940 21.45± 0.10 13.56 ± 0.01 15.26± 0.07 · · · · · · 6
Q 1531+2403 0.44+0.03
−0.19 2.002 20.20± 0.20 13.21 ± 0.06 14.90± 0.06 · · · 15.82± 0.01 6, 7
Q 1604+2203 0.73± 0.05 1.640 · · · 13.30 ± 0.02 14.67± 0.01 · · · 15.13± 0.03 21
Q 1705+3543 0.40± 0.10 2.038 20.62± 0.12 13.35 ± 0.07 14.64± 0.04 · · · 15.29± 0.14 22
Q 1737+4406 0.50+0.07
−0.19 1.614 · · · 13.54 ± 0.04 15.48± 0.07 · · · 15.89± 0.06 6, 7
Q 2140−0321 0.16± 0.01 2.340 22.40± 0.10 13.72 ± 0.92 15.64± 0.03 · · · · · · 23, 24
Q 2222−0946 0.18± 0.03 2.350 20.65± 0.05 12.83 ± 0.01 15.13± 0.01 15.31 ± 0.01 15.62± 0.01 25
Q 2225−0527 0.28± 0.08 2.130 20.69± 0.05 13.16 ± 0.02 14.87± 0.01 15.41 ± 0.02 15.49± 0.04 26
Q 2340−0052 0.21+0.06
−0.11 1.360 · · · 12.62 ± 0.05 14.99± 0.04 · · · 15.70± 0.02 3
Q 0013+0004 < 0.10 2.025 20.80± 0.10 12.25 ± 0.05 15.21± 0.11 14.91 ± 0.04 15.31± 0.04 3
Q 0816+1446 < 0.75 3.287 22.00± 0.10 13.53 ± 0.01 15.89± 0.02 · · · 16.31± 0.01 27
Q 0938+4128 < 0.20 1.373 20.52± 0.10 12.25 ± 0.10 14.82± 0.58 · · · · · · 3
Q 0948+433 < 0.31 1.233 21.62± 0.06 13.15 ± 0.01 15.56± 0.01 · · · > 15.56 3
Q 1010+0003 < 0.13 1.265 21.52± 0.07 13.01 ± 0.02 15.26± 0.05 · · · · · · 3
Q 1107+0048 < 0.26 0.741 21.00± 0.05 13.06 ± 0.15 15.53± 0.02 · · · · · · 3
Q 1209+6717 0.18+0.07
−0.10 1.843 20.25± 0.20 < 13.22 14.83± 0.01 · · · · · · 6
Q 1232−0224 < 0.32 0.395 20.75± 0.07 12.93 ± 0.12 < 14.94 · · · · · · 3
Q 1439+1117 < 1.62 2.418 20.10± 0.10 12.93 ± 0.04 14.28± 0.05 15.27 ± 0.06 14.80± 0.04 10, 19
Q 1501+0019 < 0.16 1.483 20.85± 0.05 13.10 ± 0.05 15.53± 0.03 · · · · · · 3
Q 2123−0050 < 0.35 2.060 19.25± 0.20 · · · 14.12± 0.02 14.70 ± 0.02 14.69± 0.02 10, 28
Q 2234+0000 < 0.25 2.066 20.59± 0.08 12.30 ± 0.05 14.83± 0.03 15.15 ± 0.02 15.39± 0.06 3, 29
Q 2239−2949 < 0.05 1.825 19.84± 0.14 < 12.30 14.11± 0.04 · · · 14.68± 0.06 30
Q 2340−0053 < 0.55 2.054 20.33± 0.03 12.63 ± 0.08 > 14.97 · · · 15.17± 0.04 10, 31
Q 2350−0052 < 0.58 2.426 20.50± 0.10 < 12.20 14.83± 0.07 15.06 ± 0.10 15.26± 0.07 10, 32
1: (Noterdaeme et al. 2017), 2: (Petitjean et al. 2002), 3: (Vladilo et al. 2006), 4: (Fynbo et al. 2017), 5: (Jiang et al. 2010), 6: (Ma et al.
2018), 7: (Ma et al. 2017), 8: (Balashev et al. 2017), 8: (Fynbo et al. 2011), 10: (Ledoux et al. 2015), 11: (Berg et al. 2015), 12:
(Zhou et al. 2010), 13: (Wang et al. 2012), 14: (Dessauges-Zavadsky et al. 2007), 15: (Ma et al. 2015), 16: (Noterdaeme et al. 2010), 17:
(Pe´roux et al. 2006), 18: (Bouche´ et al. 2016), 19: (Noterdaeme et al. 2008a), 20: (Rudie et al. 2017), 21: (Noterdaeme et al. 2009), 22:
(Pan et al. 2017), 23: (Noterdaeme et al. 2015b), 24: (Noterdaeme et al. 2015a), 25: (Krogager et al. 2013), 26: (Krogager et al. 2016),
27: (Guimara˜es et al. 2012), 28: (Milutinovic et al. 2010), 29: (Vladilo et al. 2011), 30: (Zafar et al. 2017), 31: (Prochaska et al. 2007), 32:
(Dessauges-Zavadsky et al. 2003)
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